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A limited understanding of dense matter properties
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Neutron Stars (NS) or NS-like matter.
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Neutron Stars: the basics

Astrophysical objects of the extreme

e Compactness M/R ~ 0.3

e Thermodynamic conditions
o  core reaching several n,
o zero-temperature approximation
o NS-like matter: few tens of MeV
o neutron rich = isospin asymmetry (N, - N )|

e Extreme magnetic field: magnetars

Neutron star
e Atmosphere (light elements)
e Crust : outer and inner crust

e Core: outer and inner core ‘ | | |

12 - 14 km

Observations of NS parameters:

o Mass, rotation frequency with radio -
Mass-radius with x-ray Credit: Lukas Weih, Goethe University
Mass-Tidal deformability with GW
Moment of inertia ? Soon ?
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Neutron Stars: the basics

Astrophysical objects of the extreme
e Compactness M/R ~ 0.3
e Thermodynamic conditions
o  core reaching several n,
o zero-temperature approximation
o NS-like matter: few tens of MeV

o neutron rich = isospin asymmetry (N, - N, )

e Extreme magnetic field: magnetars

Neutron star structure in layers
e Atmosphere (light elements)
e Crust : outer and inner crust
e Core: outer and inner core

Observations of NS parameters:
o Mass, rotation frequency with radio
o Mass-radius with x-ray
o Mass-Tidal deformability with GW
o Moment of inertia ? Soon ?

INNER CORE
Nucleons, Hyperons, Meson Condensates,
Deltas, Deconfined Quarks?

R,~5 km; ng<10n_,

INNER CRUST

Free neutrons and e, atomic nuclei
R,=0.5 km; n <0.5n_
OUTER CRUST
Heavier nuclei, free e
R,=0.1km; n,<103n_
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UTER CORE
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Neutron rich nuclear matter
R,~7 km; n<2n_
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ATMOSPHERE
Mostly H, He, C
R,=10%*km; n,<107n_,

R,= RADIAL WIDTH

=TYPICAL BARYON DENSITY
% muses ng
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Astrophysical objects of the extreme
isospin asymmetry (N, - N,))

Mass, rotation frequency with radio

NS-like matter: few tens of MeV
Mass-radius with x-ray

zero-temperature approximation
neutron rich
Extreme magnetic field: magnetars

Compactness M/R ~ 0.3
o  core reaching several n,
O
O
O
Crust : outer and inner crust
Core: outer and inner core

Thermodynamic conditions
Atmosphere (light elements)

Neutron Stars
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Observations of NS parameters:

Neutron star

Mass-Tidal deformability with GW

Moment of inertia ? Soon ?
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Neutron Stars: the basics

Astrophysical objects of the extreme
e Compactness M/R ~ 0.3
e Thermodynamic conditions
o  core reaching several n,
o zero-temperature approximation
o NS-like matter: few tens of MeV

o neutron rich = isospin asymmetry (N, - N, )

e Extreme magnetic field: magnetars

Neutron star
e Atmosphere (light elements)
e Crust : outer and inner crust
e Core: outer and inner core

Observations of NS parameters:
o Mass, rotation frequency with radio
o Mass-radius with x-ray
o Mass-Tidal deformability with GW
o Moment of inertia ? Soon ?
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X-ray Pulse Profile Modeling

Figure adapted from MANITOU book




Neutron Stars: the basics

From gravitational wave signal to

Astrophysical objects of the extreme extrinsic & intrinsic parameters
e Compactness M/R ~ 0.3 |
e Thermodynamic conditions p@|d) = Z(d|0)n(0) = Nexp {(a’l hy) — 5(h9| hg)} m(0)
o  core reaching several n,
o zero-temperature approximation GO y
o NS-like matter: few tens of MeV VIRGOQ/

o neutron rich = isospin asymmetry (N, - N ) KAGRA

e Extreme magnetic field: magnetars

Masses in the Stellar Graveyard

Neutron star
e Atmosphere (light elements)
e Crust : outer and inner crust
e Core: outer and inner core

Observations of NS parameters:
o Mass, rotation frequency with radio
o Mass-radius with x-ray
o Mass-Tidal deformability with GW
o Moment of inertia ? Soon ?




Neutron Stars: the basics

Astrophysical objects of the extreme
e Compactness M/R ~ 0.3
e Thermodynamic conditions

(@)

core reaching several n,

From gravitational wave signal to
extrinsic & intrinsic parameters

1
p@ld) = Z(d|0)n(0) = Nexp {(a’ | hg) — 5(119' ha)} m(0)

o zero-temperature approximation e00f
o NS-like matter: few tens of MeV {le
o neutron rich = isospin asymmetry (N, - N\) 1300} KX'Gng,)‘O
e Extreme magnetic field: magnetars : S FLo0435
Neutron star 1000¢ CWL708L7
e Atmosphere (light elements) <
e Crust: outer and inner crust 700
e Core: outer and inner core
400t
Observations of NS parameters:
o Mass, rotation frequency with radio
o Mass-radius with x-ray er € ¥y
o Mass-Tidal deformability with GW 11 1.2 13 1.4 1.5
o Moment of inertia ? Soon ? MEHEE
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Equation of state (EoS) models for inference:

Equation of state inference

EoS <M, R, A etc.

Model selection: test EOS one by one
Agnostic approach vs nuclear physics EoSs
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Equation of state inference

Equation of state (EoS) models for
e FEoS <M, R, Aetc.
e Model selection: test EoS one by one
e Agnostic approach vs nuclear physics EoSs
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Semi-agnostic approach:
e CUTER Davis et al. 2024, Ng et al. 2025

e Combining with nuclear information g
S
e Combining multiple astrophysical 5
information 10

1033 4
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State of the art semi-agnostic models with
Gaussian Processes

= Prior
= PSRs
PSRs + GWs
- PSRs + GWs + X-ray
_ PSRs + GWs + X-ray
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Future detections and prospects

Next few years:

e SKA (radio)
e [R1and 05
o combined with electro spectrum g 1074
e NICER analysis liﬂ
Next-generation of detectors é
e Einstein Telescope and Cosmic Explorer 210724+
e NewATHENA £
e Moment of inertia ? &
Cosmic Einstein
Systematics vs. observational error: 10754 .E)fpl.o.rf.’r. i T.ele.sc.o.p.e. il
e Reevaluate a number of approximations 10 100 1000
o quasi-universal relations Frequency / Hz

o assumption for state of matter
o waveform models etc.

post-merger data ?

/BJo"1810]dX801WS02//:5dNY



Future detections and prospects

Next few years:
e SKA (radio)
e [IR1and O5
o combined with electro spectrum
e NICER analysis

Next-generation of detectors
e Einstein Telescope and Cosmic Explorer
o NewATHENA
e Moment of inertia ?

Systematics vs. observational error:
e Reevaluate a number of approximations
o quasi-universal relations
o assumption for state of matter
o waveform models etc.

100
Redshift

Credits: CE Science case
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Future detections and prospects

Next few years:
e SKA (radio)
e [IR1and O5
o combined with electro spectrum
e NICER analysis

Next-generation of detectors
e Einstein Telescope and Cosmic Explorer
o NewATHENA
e Moment of inertia ?

Systematics vs. observational error:
e Reevaluate a number of approximations
o quasi-universal relations
o assumption for state of matter
o waveform models etc.

A X (dege/100 Mpc)

Read 2023, Class. Quantum Grav. 40 135002
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Conclusion

> NS observables can probe dense %
matter physics beyond what can be = &
achieved by nuclear theory and
experiment

=> Multi-wavelength, multi-messenger
observations can be used

=> Next-generation of detectors will
provide more sources, more
precise detections, but the
community must prepare to analyse
high-precision results

Credits Aurore Simonnet for Sonoma State University
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